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Abstract
Hyperspectral imaging is a key characterization technique used in various areas of science
and technology. Almost all implementations of hyperspectral imagers rely on bulky optics
including spectral filters and moving or tunable elements. Here, we propose and demonstrate
a line-scanning folded metasurface hyperspectral imager (HSI) that is fabricated in a single
lithographic step on a 1-mm-thick glass substrate. The HSI is composed of four metasurfaces,
three reflective and one transmissive, that are designed to collectively disperse and focus light
of different wavelengths and incident angles on a focal plane parallel to the glass substrate.
With a total volume of 8.5 mm3, the HSI has spectral and angular resolutions of ∼1.5 nm
and 0.075◦, over the 750 nm–850 nm and -15◦ to +15◦ degree ranges, respectively. Being
compact, low-weight, and easy to fabricate and integrate with image sensors and electronics,
the metasurface HSI opens up new opportunities for utilizing hyperspectral imaging where
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strict volume and weight constraints exist. In addition, the demonstrated HSI exemplifies the
utilization of metasurfaces as high-performance diffractive optical elements for implementation
of advanced optical systems.
Keywords
Optical Metasurfaces, Diffractive optics, Nano-scale materials, Hyperspectral imaging
Introduction
Hyperspectral imaging, originally developed and utilized in remote sensing,1,2 is a very powerful
technique with applications in numerous areas of science and engineering such as archaeology,3
chemistry, medical imaging,4 biotechnology, biology,5 bio-medicine, and production quality con-
trol.6,7 In general, a hyperspectral imager (HSI) captures the spectral data for every point in an
image. Therefore, the hyperspectral data for a 2D image is a 3D cube in which the first two dimen-
sions are the spatial directions and the third one represents the spectrum (i.e., the imager records
the function I(x, y, λ)).
Several methods and HSI platforms have been developed to acquire the 3D data cube using
the existing 2D image sensors. One category of HSIs use tunable band-pass filters that can sweep
through the desired spectral band.8,9 In these devices, a 2D image is captured at each step in
the scan, recording the optical power within the filter bandwidth. The required spectral scanning
setups usually rely on a fine tuning mechanism that might not be fast or compact enough for many
applications. A significant effort has been made to develop HSIs with faster and more compact
spectral scanning schemes10,11 and lower aberrations.12 While acousto-optical and liquid crystal
tunable filters provide solutions for fast spectral scanning, their low-throughput (under 50%) is still
a disadvantage of these tunable filters .9
Another class of devices, snapshot HSIs, acquire the 3D data cube in a single shot without the
need for a scanning mechanism.13,14 However, they generally require heavy post-processing and
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rely on some sort of sparsity in the spectral and/or spatial content of the image 15 as they are,
in essence, compressive sensing methods. While their higher data rates and speeds make them
suitable for recording transient scenes,16 they generally suffer from low signal to noise ratios (SNR),
and require significant computational resources.15 Snapshot image mapping spectrometers (IMS),
based on the idea of image slicing and dispersing each slice to obtain the spectral information and
reconstruct the 3D data cube, work well only for low spatial resolution applications.17 Additionally,
the image mapper which is the primal part of IMS hyperspectral imaging systems needs to cut the
scene with a high precision and often are not compact.18
A different group of HSIs are based on spatial scanning, and require a relative displacement of
the HSI and the object of interest (i.e., either the object or the HSI is moved in space).19 The spatial
scanning is either done pixel by pixel (point scanning/whisk-broom) 20 or line by line (push-broom)
using a slit in front of the HSI.21 The whisk-broom technique requires 2D spatial scanning which
results in longer acquisition times in comparison to the push-broom method. Thus, its applications
are mostly limited to cases like confocal microscopy where measuring one point at a time while
rejecting the signal from other points is of interest.6 The push-broom HSIs22 are faster and better-
suited for applications such as air- and spaced-based hyperspectral scanning where the whole scene
of interest might not be at hand at once.23 One advantage of push-broomHSIs is that a large number
of spectral-bands are captured without the burdensome post processing that is generally required
for snapshot HSIs. Moreover, push-broom HSIs generally provide higher SNRs and better angular
resolution compared to the snapshot ones.21 Other approaches that indirectly obtain the 3D data
cube, such as interferometric Fourier transform spectroscopic imaging,24 in general rely on bulky
and complicated optical setups, and are not well suited for compact and low-weight systems.25
A common challenge with almost all of the mentioned platforms is their compact, robust, and
low-weight implementation, limited by the requirement for relatively complicated optical systems
and reliance on mostly bulky conventional optical elements. In recent years, dielectric optical
metasurfaces have overcome some of the limitations faced by the conventional optical elements
.26–29 Their ability to control the phase,30–33 phase and polarization,34 and phase and amplitude35,36
3
Page 3 of 19
ACS Paragon Plus Environment
ACS Photonics
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
of light on a sub-wavelength scale and in compact form factors has made them very attractive for
the implementation of compact optical systems.37–39 In addition, the additional available degrees
of freedom in their design allow for devices with enhanced control40–42 that are otherwise not
feasible.
Recently, a hyperspectral bio-detection technique using a set of dielectricmetasurface resonators
with different resonantwavelengths is shown.43 The transmission spectra of the resonators is imaged
using a tunable laser and an image sensor, and their resonance shifts induced by placing an analyte
on the metasurface is computed and used for refractive index sensing. To obtain a hyperspectral
image, illumination using a tunable laser is required, and the sample under study should be in
physical contact with the metasurface.
Here, we propose and experimentally demonstrate a push-broom HSI based on the folded
metasurface platform.44 In this device, three reflective and one transmissive dielectric metasurfaces,
which are monolithically fabricated on a glass substrate in a single lithographic step, disperse and
focus light for various incident angles and wavelengths on a image plane parallel to the substrate.
Working in the 750 nm–850 nmwavelength range, the metasurface HSI is polarization independent
and provides more than 70 resolved spectral points in an 8.5 mm3 volume. Spatially, the HSI
has an angular resolution of ∼0.075◦ and distinguishes about 400 angular directions in the ±15◦
range. The compact form factor, low weight, and high level of integrability of the metasurface
HSIs make them very attractive for utilization into devices like consumer electronics, and more
generally applications where there are stringent volume and weight limitations in addition to high
performance requirements. Despite the prime advantages in size, weight, and throughput of
the proposed metasurface HSIs, low scanning/capturing rates compared to snapshot HSIs might
restrict some of their potentials for real-time applications. Nevertheless, these restricting factors
can generally be resolved by using faster scanners and ultrafast high sensitivity cameras.
4
Page 4 of 19
ACS Paragon Plus Environment
ACS Photonics
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
Hyperspectral
imager
(a) (b)
θmax
θmin
θmax
θmin
θ λ
Sample
Line
scan
Translation
stage
Sample
Gold
mirrors
Metasurface 1
Metasurface 2
Metasurface 3
Detector
array
Metasurface 4Substrate
Intensity
Figure 1: Concept of a push-broom folded metasurface HSI. (a) Schematic illustration of a
push-broom hyperspectral imager. The spectral content is captured sequentially for different cross-
sections of the object. (b) The proposed scheme for a folded metasurface hyperspectral imager.
The device includes multiple reflective and transmissive metasurfaces each performing a different
optical function. Light enters the device through an input aperture, interacts with the reflective
metasurfaces while it is confined inside the substrate by the two gold mirrors, and exits the output
aperture that has a transmissive metasurface built into it. Different wavelengths are dispersed in
the vertical direction (λ), and various input angles are focused to different horizontal points.
Concept and design
A push-broom HSI is schematically shown in Fig. 1a. The HSI captures a 1D spatial image along
the direction θ, measuring the spectrum at each pint along the line independently. The full 3D
data cube can be formed by scanning the object in front of the HSI. Figure 1b schematically shows
a folded metasurface push-broom HSI. The HSI includes one transmissive and three reflective
metasurfaces patterned on one side of a 1-mm-thick fused silica substrate with gold mirrors on both
sides. Light enters the HSI through an input aperture in one of the gold mirrors and is deflected
into the substrate and vertically dispersed by the first metasurface (which acts as first-order blazed
grating). The other two reflective metasurfaces together with the transmissive one focus light with
different wavelengths and horizontal incident angles to diffraction-limited spots on the detector
array plane that is parallel to the substrate. In this configuration, the transmissive metasurface,
which is defined in the same lithography step as the reflective ones, simultaneously acts as the
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output aperture.
Figure 2a illustrates ray tracing simulations of the designed HSI. The first metasurface acts as
a blazed-grating with a 1-µm period, dispersing the collimated light coming from different angles,
into angles centered at 33.46 degree (in the y-z plane) at the center wavelength of 800 nm. The
phase profiles of the other three metasurfaces are optimized to provide near diffraction-limited
focusing for the 750 nm–850 nm spectral and ±15 degree spatial range on a focal plane parallel
to the substrate. For ease of measurements, the focal plane is designed to be 1 mm outside the
substrate and parallel to it. The detailed design process of the three metasurfaces along with their
phase profile coefficients are presented in Supplementary Section S1.
1 mm(a)
Grating
1 mm
x z
y
(b)
I
II
(c)
plane
Focal
III
750 nm
800 nm
850 nm
I
II
III
Figure 2: Ray-optics design and pictures of the fabricated devices. (a) Ray tracing simulation
results of the folded metasurface HSI, shown for three wavelengths and a 0-degree incident angle.
The system consists of 4 metasurfaces, first of which acts as a blazed grating dispersing different
wavelengths. The following three metasurfaces (I, II, and III) are optimized to correct aberrations
and focus the rays on the image plane for the desired wavelengths (750 nm–850 nm) and angels (-15
to +15 degrees). (b) An optical microscope image showing six HSIs on the same chip (left) and
zoomed-in images of the metasurfaces that comprise one HSI (right). The images were captured
before depositing the second gold layer. Scale bars: 1 mm (left) and 500 µm (right). (c) Scanning
electron micrographs of parts of the fabricated metasurfaces. Scale bars: 1 µm.
The three reflective metasurfaces are implemented using a platform similar to the one used
in.44 The metasurfaces consist of α-Si nanoposts with rectangular cross-sections, resting on a 1-
mm-thick fused silica substrate and capped by a 2-µm-thick SU-8 layer. The nanoposts’ height and
lattice constant are 395 nm and 246 nm, respectively, and a gold layer is deposited on the SU-8 layer
to make the metasurfaces reflective. For the transmissive metasurface (III), the height and lattice
6
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constant are 600 nm and 250 nm, respectively, and there is no gold mirror. The nanopost heights
are in both cases chosen to achieve full 2pi phase coverage, while minimizing the variation in the
wavelength derivative of phase to keep the diffraction efficiency high over thewhole bandwidth.40 In
addition, the lateral dimensions of the nanoposts are selected to make the metasurfaces polarization
independent for an operation angle of 33.46 degrees.44 We also confirmed that the metasurfaces
are almost polarization independent for the entire operation bandwidth and angular range (see
Supplementary Figs. S2 and S3 for simulated transmission and reflection phases). The blazed
grating has a 1-µm period consisting of 4 nano-posts located on a lattice with a 250-nm lattice
constant. The optimization procedure used for its design is similar to the approach taken in .44
An initial structure was found using the high-NA high-efficiency design method,45 and was then
further optimized using the particle swarm optimization technique.
Experimental results
The metasurface HSI fabrication process was started with depositing a 600-nm-thick layer of α-Si
on the fused silica substrate. Since the reflective and transmissive metasurfaces have different
thicknesses (i.e., 395 nm and 600 nm, respectively), areas of the sample containing the reflective
metasurfaces were first etched down to 395 nm. The patterns for both reflective and transmissive
metasurfaces were then defined in a single electron beam lithography step, eliminating the need for
additional alignment procedures. In addition, to avoid over-etching the thinner parts (corresponding
to the reflectivemetasurfaces), dry etching was performed in two separate steps and the thinner parts
were protected by a photoresist during the second step. After the etch and removal of the mask,
the metasurfaces were covered by a 2-µm-thick SU-8 layer. The input and output apertures were
then defined in ∼100-nm-thick gold layers deposited on both sides of the substrate. The mirrors on
both sides were then covered by another 2-µm-thick SU-8 layer for protection. Optical microscope
images of the devices before deposition of the second (left) and first (right) gold mirrors are shown
in Fig. 2b. Scanning electron micrographs of parts of the fabricated metasurfaces before capping
7
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with the SU-8 layer are shown in Fig. 2c. See Supplementary Section S1 for fabrication details.
To characterize the fabricated HSI, the input aperture of the device was illuminated by a
collimated beam from a tunable continuous-wave laser, and its focal plane was imaged using a
custom-made microscope [Fig. 3a]. The setup was designed to allow for the input beam to be
rotated in the horizontal plane around the input aperture (see Supplementary Fig. S4a and Section
S1 for details of the measurement setup). The input wavelength was tuned in the 750 nm to
850 nm range in steps of 10-nm, and the input angle was changed in 5◦ separations. The intensity
distribution in the focal plane was captured using the microscope. Figure 3b shows the captured
intensities at 750, 800, and 850 nm for multiple incident angles. For comparison, the simulated
expected focal spots positions are given in Fig. 3c, highlighting the spots where the zoomed-in
distributions are plotted in Fig. 3b. Measured intensity distributions at other wavelengths and
angles are given in Supplementary Fig. S5.
Figure 3d shows the simulated full width at half maximum (FWHM) along the y direction, the
simulated spectral resolution, and the measured FWHMs at several points. Figure 3e shows similar
results for the angular resolution of the device and the FWHM along the x direction. The good
agreement observed between the simulated and measured FWHMs denotes the nearly diffraction-
limited operation of the fabricated device. In addition, it can be seen from these results that the
device has spectral and angular resolutions better than 1.4 nm and about 0.075 degree, respectively,
across the whole bandwidth and for various angles. As a result, the demonstrated HSI can resolve
more than 70 spectral and 400 angular points. The average variation in angular/spectral resolution
is small (less than 10%) across the range of wavelengths and incident angles. Nonetheless, the
spectral resolution is the highest at 0◦ because the spot size along the y direction is smallest at this
angle due to a shorter focal length, and the improved angular resolution at 15◦ is due to increased
spacing between spots along the x direction at larger incident angles. In addition, we measured the
focal spots for multiple sets of wavelengths in the range with 1.5-nm separations, and several sets
of angles with 0.1-degree distances. The results (see Supplementary Fig. S5) confirm the resolving
power of the HSI.
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The HSI focusing efficiency was measured using an approach similar to,44 and its average value
was found to be ∼10% (see Supplementary Section S1 and Figs. S4b and S6 for the measurement
details, setup, and measured efficiencies, respectively). The lower efficiency achieved here (in
comparison to the spectrometer in44) is mostly because of using 4 metasurfaces instead of 3,
especially as the transmissive metasurface has a large deflection angle of ∼33 degrees in glass.
The efficiency can be increased by using mirrors with higher reflectivities (like distributed Bragg
reflectors), using anti-reflection coatings on the input and output apertures, and further optimizing
the design and fabrication of themetasurfaces, especially the dispersive grating and the transmissive
metasurface. The focusing efficiency reduces by ∼ 36% at the incident angles of ±15 degrees. The
reduction in efficiency at higher incident angles compared to the normal one can be attributed
to different factors. Primarily, the effective aperture seen by oblique beams is smaller at higher
incident angles. Furthermore, the diffraction grating, which is optimized at normal incidence, does
not operate as efficiently at other incident angles. Finally, the phase profiles of the metasurfaces,
slightly deviate from their optimal profiles at oblique incident angles.
To demonstrate the capability of the folded metasurface HSI in recovering 3D hyperspectral
data cubes we used it to image an object with spatially varying spectral information. To this end, we
designed and fabricated an imaging target with narrow transmission dips over the 750 nm–850 nm
wavelength range (see Supplementary Section S2 and Fig. S8 for more information on the design
and fabrication of the target). As shown in Fig. 4a, a broadband source (covering 750 nm–850 nm)
was used to illuminate the object. The imaging optics in Fig. 4a mapped different points along
a horizontal line on the target to different incident angles on the HSI input aperture within its
acceptance range (see Supplementary Fig. S4c for details of the measurement setup). To measure
the hyperspectral content, the target was vertically moved and the focal plane of the HSI was imaged
at each step of the movement. This results in a 3D data cube, with a 2D image corresponding to
each horizontal line on the target (see Supplementary Fig. S7 for details). Using the data in Fig. 3c,
the intensity maps can be converted to angular/spectral data for each line. The inset in Fig. 4a
shows the expected transmission dip wavelengths over the target. Figure 4b shows the captured
9
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Figure 3: Simulated and experimental characterization results of the folded metasurface HSI.
(a) Simplified schematic of the measurement setup. A collimated beam from a tunable laser
illuminates the input aperture at various incidence angles, and the intensity distributions at the
focal plane are captured. (b) Measured focuses on the image plane, shown for 3 wavelengths
(750, 800, and 850 nm) and angles ranging from -15◦ to +15◦ with 5◦ increments. The insets
show the zoomed-in version of intensity profiles (scale bars: 10 µm). (c) Simulated locations of
the spots on the focal plane for wavelengths increasing from 750 nm (blue) to 850 nm (green)
at 10-nm steps, and angles from -15◦ (left) to +15◦ (right) at 5◦ separations. The highlighted
focal spots are magnified in the insets of b. (d) Simulated spectral resolution and vertical FWHM
versus wavelengths, calculated at multiple incident angles. The measured FWHM values for three
wavelengths are overlaid on the graph. (e) Simulated angular resolution and FWHM versus
wavelengths calculated for multiple incident angles. Measured horizontal FWHM values at three
wavelengths are overlaid on the graph.
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images of the target at four different wavelengths in the range. For comparison, we also imaged
the target using a tunable laser (TL) by scanning the illumination wavelength through the range
(see Supplementary Fig. S4d for the measurement setup and other details). The data obtained with
the TL setup is shown next to the HSI images in Fig. 4b, denoting a good agreement between the
results. In addition, Fig. 4c shows the captured spectra along a vertical and a horizontal cut in the
target, using both the HSI and the TL setup. We mostly attribute the minor differences between the
two sets of measurements to the speckle noise observed in the images obtained using the tunable
laser. The speckle noise was caused by the residual degrees of spatial and temporal coherence of
the tunable laser which persisted despite the use of a rotating diffuser.
Conclusion
We demonstrated a push-broom metasurface hyperspectral imager with a volume of 8.5 mm3 and
weighing less than 20 mg, resolving more than 70 spectral and 400 angular points in the 750 nm–
850 nm and ±15 degrees range, respectively. The significant reduction in size and weight of the
device, achieved through the folded architecture design, makes the device a promising candidate
for applications where compactness, low-weight, and robustness are of primary importance. In
addition, many similar or different devices may be mass-produced in a single lithographic step,
enabling multiple HSIs on the same chip, consequently covering a broader spectral range. For
operation in the visible range, silicon nitride or titanium dioxide nano-post may be used instead
of amorphous silicon ones. More broadly, as one of the first demonstrations of a meta-system
consisting of multiple reflective and transmissive metasurfaces performing a complicated optical
function in a small form factor, this work paves the way towards better realization of potentials of
metasurfaces in implementing advanced functional optical and optoelectronic systems for operation
under strict constraints.
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Figure 4: Hyperspectral imaging of a target with the folded metasurface HSI (M-HSI) and
a tunable laser. (a) Simplified schematic of hyperspectral imaging a target with the HSI. The
imaging optics maps different points along a horizontal line on the target to collimated beams with
different incident angles on the HSI aperture. The image containing the spectral and angular data
for the line is formed by the HSI in its focal plane and captured by a custom-built microscope. The
inset shows the fabricated target, which has transmission dips with increasing center wavelength
from bottom to the top. (b) Measured transmitted intensity of the object at four wavelengths
captured by the metasurface HSI, compared with the ones measured using a tunable laser (TL). (c)
Transmitted intensity profile of the object along the two cuts A and B, compared with the same
results obtained using the tunable laser.
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